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VOLTAMMETRIC AND AMPEROMETRIC PROBES
FOR SINGLE CELL ANALYSIS
1. INTRODUCTION

Chemical analysis of single cells is an area of great interest in the biological and
medical sciences. Knowledge of the chemical composition and dynamics of single nerve
cells should lead to better models of the cellular neurotransmission process. Information
of this type promises to advance our knowledge of neurotransmitter storage, exocytosis
and the physiological effects of external stimuli such as drugs and toxins. Advances in
these areas require the development of analytical methods capable of monitoring
neurotransmitter dynamics at the single cell and subcellular levels.

The considerable interest in studying single cell chemistry has resulted in the
development of a number of analytical techniques. These include enzyme activity
measurements (Giachobini, 1968), immunoassay (Giachobini, 1987; Ishikawa et al., 1990),
microgel electrophoresis (Matioli and Niewisch, 1965), fluorescence imaging techniques
(Tank et al., 1988), microscale ion-selective electrodes (Nicholson and Rice, 1988;
Amman, 1986), microcolumn séparation techniques (Kennedy et al., 1989; Ewing et al.,
1992; Hogan and Yeung, 1992), optical and electron microscope techniques (Sossin and
Scheller, 1989; .Betzig et al., 1991), and secondary ion mass spectrometry (Mantus et al.,
1991). Although these methods have provided valuable information, they have important
limitations. Most suffer from either inadequate sensitivity, poor quantitative capabilities or
an inability to monitor chemical dynamics on a time scale similar to the neurotransmission

process.




Voltammetric microelectrodes (Wightman, 1981; 1988; Wightman and Wipf, 1988)
are ideally suited for monitoring dynamic chemical changes resulting from discrete
neurochemical events as they possess rapid response times. Furthermore, many
neurochemicals are easily oxidized. To date, voltammetric microelectrodes have been
used to monitor dynamics of catecholamine neurotransmitters both inside single cell
cytoplasm and outside single nerve cells (Ewing et al., 1992). The latter experiments have
led to the first direct, real-time chemical monitoring of exocytosis and neurotransmitter
reverse transport.

Voltammetric microelectrodes used for monitoring single cell neurochemistry have
generally been constructed using carbon as the electrode material and have ranged in tip
size from 10 or 50 micrometers down to 400 nanometers. These electrodes and
pretreatment procedures were discussed in Chapter X [McCreery Chapter].

This chapter describes the use of voltammetric microelectrodes for analysis of
neurotransmitter dynamics in and at single nerve cells. The small size of the single cell
environment requires extremely small electrodes be used. In addition, as many of these
systems involve monitoring model systems in culture, the problem of electrode fouling by
components in the cell culture medium must be addressed. Electrode characterization and

application to single cell neurochemical dynamics are discussed.

2. INTRACELLULAR VOLTAMMETRY IN INVERTEBRATES
Direct measurements of neurotransmitter and drug concentrations inside single nerve

cells can provide unique information concerning the dynamics of drug action. and




neurotransmitter storage and dynamics. Intracellular measurement of cell membrane
potential (Parsons et al., 1983) and inorganic ion concentration (Thomas and Moody,
1980) are possible with ultrasmall glass pipettes filled with a saline solution or a liquid ion
exchanger, respectively. Voltammetric electrodes small enough to be placed inside single
cells while maintaining cell viability have been developed (Meulemans et al., 1986; 1987,
Chien et al., 1988; 1990). In this section of this chapter, the application of voltammetry to
measurements in the cytoplasm of single nerve cells will be discussed.

2.1. Intracellular Voltammetry with Polished Carbon Fiber Electrodes.

Electrodes with tip diameters of 0.5 to 2 pum have been constructed by
electropolishing carbon fibers and then sealing the polished tips in glass. These electrodes
have been used to monitor metronidazole, a widely used antibiotic, and antipyrine, an
antipyretic drug, in the cytoplasm of identified neurons of Aplysia californica (Meulemans
et al., 1986). Identified neurons (150-300 um diameter) of the buccal ganglia were used.
Differential pulse voltammetry was used to monitor the concentrations of these two drugs
and ascorbic acid as a function of penetration into the cell and the subsequent clearance
process. These electrodes were capable of following intracellular drug concentration for

periods of 30 to 40 min.

2.2 Intracellular Voltammetry with Platinum and Platinum-Coated Electrodes.

Platinum electrodes with micrometer tip dimensions have also been constructed by
electropolishing platinum microwires and sealing the tips in glass as discussed above for
carbon. Differential pulse voltammetry has been used to monitor endogenous serotonin

injected into cells in the buccal ganglion of Aplysia californica and to monitor free levels




of serotonin in single cell cytoplasm following cell stimulation or extracellular application
of L-tryptophan, reserpine or p-chlorophenylalanine (Meulemans et al., 1987).
Differential pulse voltammograms obtained in an Aplysia neuron are shown in Figure 1.
Voltammograms in the background buffer and in the cytoplasm of single cholinergic
neurons showed no peak for serotonin, whereas, a distinct serotonin peak is observed in
the metacerebral neuron. This was confirmed by injecting serotonin into the cell body of
this neuron and observing an increase in the voltammetric peak. The increase in serotonin
persisted for approximately 10 min and the endogenous level of serotonin measurements
agree with estimates of cytoplasmic serotonin in this cell obtained with fluorescent
(McCaman et al., 1973)) and radioenzymatic (Brownstein et al., 1974) assays.

Intracellular voltammetry has been used in the metacerebral neuron to investigate the
effect of cell stimulation on intracellular serotonin levels (Meulemans et al., 1987). Figure
2 shows the levels of serotonin recorded with differential pulse voltammetry during
stimulation by direct intracellular depolarization of the soma and by application of
extracellular potassium chloride. It was speculated that cell stimulation likely leads to
increased serotonin synthesis resulting in the increased cytoplasmic levels. If this is true in
terminals also, this might be very important in the regulation of transmitter availability and
synaptic efficacy.
2.3 Intracellular Voitammetry with Carbon Ring Electrodes.

Electrodes with tip diameters as small as | um have been fabricated using
hydrocarbon pyrolysis inside silica microcapillaries (Kim et al., 1986; Chien et al., 1988).

Methane is pyrolyzed inside silica micro capillaries at temperatures below the silica




melting point leaving a conductive film of pyrolytic carbon inside the capillary tip.
Cleaving the epoxy-filled tip with a scalpel exposes a ring of carbon.

The intracellular response of ultrasmall carbon and platinum ring electrodes has been
investigated (Lau et al., 1991; Chen et al., 1992). Adsorption of high molecular weight
species on the electrode surface appears to result in deterioration of the amperometric
signal. An analytical method has been developed to allow quantitative voltammetry to be
obtained (Lau et al., 1991). This method assumes that there is a linear dependence
between the degree of eiectrode fouling of carbon ring electrodes and the number of scans
taken in the neuronal microenvironment during intracellular voltammetry.

The left pedal ganglion of the pond snail Planorbis corneus contains a single large
dopamine neuron that closely resembles mammalian neurons in several ways (Osborne et
al., 1975). It displays nomifensine-sensitive dopamine uptake, reserpine-sensitive vesicular
storage of dopamine, and metabolizes dopamine to dihydroxyphenylacetic acid. However,
unlike mammalian dopamine neurons it is approximately 200 pm in diameter facilitating
single cell analysis. In addition, this cell lacks ascorbic acid, ailowing the unambiguous
electrochemical detection of dopamine.

Carbon ring electrodes have been used to monitor dopamine levels in the cytoplasm
of the large dopamine cell located on the left Pedal ganglion of the pond snail, Planorbis
corneus (Chien et al., 1988; 1990; Lau et al., 1991). A schematic of the system employed
is shown in Figure 3. In these experiments, endogenous levels of dopamine were below

the detection limit of the electrodes (approx. 3 uM), which is considerably below the

cytoplasmic levels of serotonin observed in the metacerebral neuron of Aplysia




(Meulemans et al., 1987). Cytoplasmic levels of dopamine could, however, be increased
to detectable levels by external application of ethanol or exogenous dopamine. Figure 4
shows the electrochemical response of an electrode placed in the cytoplasm of the
dopamine cell following external application of dopamine before and after nomifensine.
Nomifensine, a competitive inhibitor of the dopamine transporter, clearly reduces the
amount of dopamine entering the cell in this experiment.

In addition to monitoring intracellular dopamine, carbon ring electrodes have been
coated with platinum and platinum with glucose oxidase to monitor intracellular oxygen
levels (Lau et al., 1992) and intracellular glucose transients (Abe et al., 1991; 1992),
respectively. The intracellular level of oxygen was estimated at 32 pM in the identified
dopamine neuron of Planorbis corneus. Changes in intracellular glucose concentration on

the order of 0.8 mM have been observed following injection of exogenous glucose into the

cell.

3.  EXTRACELLULAR VOLTAMMETRY AT SINGLE CELLS

Direct measurements of neurotransmitters outside single neurons can provide unique
information about dynamic processes including neurotransmitter transport and €xoCytosis.
This section deals with electrochemical measurements to monitor catecholamine dynamics
outside single cells. Both operation of the dopamine transporter in reverse (reverse

transport) and exocytosis of catecholamines have been observed with this methodology.




3.1 Reverse Transport of Dopamine from the Cell Body of Planorbis corneus.

Voltammetry can be used to monitor dopamine levels both inside and outside single
nerve cells. As shown above, intracellular voltammetry can be used to monitor dopamine
transport into the cell body of the identified dopamine neuron of Planorbis corneus.
Likewise, a carbon ring electrode placed immediately outside the cell body of this neuron
can be used to monitor the same transporter operating in reverse. Injection of dopamine
into the cytoplasm of the dopamine neuron leads to a rapid release of dopamine that is
nomifensine sensitive (Figure 5). Since nomifensine blocks substrate flux across the
plasma membrane via the dopamine transporter, this suggests that most dopamine release
following intracellular injection occurs via reverse transport.

Measurement of reverse transport has been used to study the mechanism of action of
amphetamine. The actions of amphetamine at the cellular level have been controversial
and have included mechanisms involving blocking catecholamine transport across the
plasma membrane and also invdlving vesicular storage of catecholamine. Injection of
amphetamine directly into the cytoplasm of the identified dopamine neuron on Planorbis
corneus, which bypasses the uptake transporter, causes dopamine release (Figure 6). In
these experiments, carbon ring electrodes were used to measure dopamine concentrations
immediately outside the cell body following an injection of 8 pL of 100 mM d-Amph into
the cell. Based on an estimated cell volume of 8 nL, this resulted in an immcellulz’xr level
of 100 uM. Extracellular dopamine increased to a maximal level 14 s following the
injection. The shape of the voltammogram obtained at the peak current value closely

matched the voltammogram of a dopamine standard and showed that extracellular




dopamine reached about 1.6 uM following the amphetamine injection. Combined with
evidence for specific uptake of amphetamine (Zaczek, 1991) and the ability of
amphetamine to release catecholamines from isolated vesicles (Sulzer and Rayport, 1990),
these observations indicated that, at least in part, amphetamine releases dopamine via an
intracellular action.

3.2 Monitoring Single Exocytotic Events.

Secretion of catecholamines from single exocytotic events has been monitored by
use of carbon fiber electrodes placed against the outside of the plasma membrane of
bovine adrenal medullary chromaffin cells in primary culture (Leszczyszyn et al., 1990;
1991; Wightman et al., 1991; Chow et al., 1992). These cells were stimulated with
nicotine via a microinjection pipette and a pressure injection system while simultaneously
monitoring catecholamines with the small electrode (Figure 7). The response to this
stimulation was monitored with voltam'metry repeated every 100 ms (Figure 8). When
norepinephrine is ejected from the micropipette as a control, the current at the electrode
increases momentarily and then returns to baseline over a period of 10 to 20 s (Figure 8C).
However, nicotine stimulation results in numerous current transients that are in' fact
chemical spikes from the cell (Figure' 8D). Voltammograms obtained for authentic
norepinephrine are similar to those corresponding to the current transients observed
(F’igure 8A and B). The current rise under the transients observed in these preliminary
experiments might be the result of an overall increase in the extracellular concentration of
catecholamine or it might be an artifact of the nicotine ejection. Later experiments with

lower nicotine concentrations have shown much smaller changes in the baseline current

10




(Wightman et al., 1991). Initial estimates of the number of catecholamine molecules in

each current transient have assumed that all the released catecholamine is oxidized. Using
Faraday’s law to calculate the amount of catecholamine released, 5 to 10 amol of
catecholamine is released in each exocytotic event (Leszczyszyn et al., 1990; 1991;

Wightman et al., 1991).

The effect of different secretagogues on the release of catecholamines from adrenal
cells has been examined (Wightman et al., 1991). Ejection of nanoliter volumes of 100
UM nicotine or 1 mM carbamoyicholine leads to release of catecholamines characterized
by a broad envelope under the transients with a concentration greater than 10 pM
(Wightman et al., 1991). When cells are stimulated with only 10 uM nicotine or 60 mM
KCl, this envelope is significantly less. Following 10 pM nicotine or 60 mM KCI, the
envelope is 23% or 22%, respectively, of that following 100 uM nicotine. In addition, the
frequency of exocytotic events decreases from 1.2 £ 0.2 Hz to 0.5 = 0.2 Hz and 0.6
0.2 Hz, respectively. Histograms of the areas of the electrochemical responses shown,
however, are similar for all the secretagogues (Figure 9). It is interesting to note that the
distribution of spike areas is clearly skewed for all the secretagogues suggesting that a
distribution of granule content is present in each cell.

Adrenal medullary chromaffin cells in culture present an excellent model system to
study neurosecretion (Trifaro and Lee, 1980). However, there are clearly at leést two
subpopulations of cells that secrete either norepinephrine or epinephrine. In fact,
microcolumn liquid chromatography of single adrenal cells has shown that these cells can

contain either predominantly norepinephrine, epinephrine or a high level of both (Cooper
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et al., 1992). Despite their structural similarity, voltammetry at microelectrodes can be
used to discriminate between norepinephrine and epinephrine by monitoring the rate of
internal cyclization following oxidation (Hawley et al., 1967). This cyclization reaction
leads to the formation of an adrenochrome which can be detected as an additional
voltammetric wave on the negative-going scan of the cyclic voltammogram (Ciolkowski et
al., 1992). This is shown in Figures 10 and 11 for current traces obtained by voltammetry
at two different adrenal cells with epinephrine released from one cell (Figure 10) and
norepinephrine released from the other cell (Figure 11). In these experiments,
approximately 75% of the cells examined released only epinephrine or norepinephrine,
whereas 25% of the cells released both catecholamines in response to a 100 UM nicotine
simulus. It appears that these cells release catecholamine in the same proportions that they
store catecholamines.

Single exocytotic events can also be monitored by voltammetry at adrenal cells
following permeabilization with digitonin (Jankowski et al., 1992). Digitonin is commonly
used to permeabilize adrenal cells to introduce reagents into the cell (Dunn and Holz,
1983). During digitonin-induced permeabilization, catecholamine secretion can be
induced by low levels of calcium ion in the medium surrounding the cells. Voltammetry
has been used to monitor the exocytosis of single chromaffin granules from digitonin-
permeabilized cells. Strong evidence is given that catecholamine release following
digitonin is via exocytosis. This release is calcium dependent and reaches a maximum at

calcium concentrations at or above 19 uM. Finally, exocytotic release can be

12




distinguished from nonexocytotic release by analysis of the shape of the current transients
observed at the electrode.
3.3 Delay in Vesicle Fusion Observed by Amperometry.

Whole-cell patch-clamping has been used to examine the delay between adrenal cell
stimulation and exocytosis (Chow et al., 1992). Exocytosis is thought to occur on a
submillisecond time scale based on measurements of post-synaptic membrane potent.ial
following stimulation (Llinas et al., 1981; Edwards et al., 1990). In nonsynaptic cells, the
absence of a post-synaptic neuron prevents this type of measurement. Amperometric
measurements with microelectrodes provides a means to directly monitor single exocytotic
events. When cells are depolarized for 25 ms, exocytosis is observed following highly
varied delay times (Figure 12). A histogram of the areas of the amperometric responses
and the delay from the initiation of the depolarization to the observed release is shown in
Figure 13. Cells were held at -60 ﬁxV and depolarized at +10 mV for 25 ms to activate
calcium channels. The average spike contained 2 x 10 catecholamine molecules,
although this again follows a skewed distribution similar to that shown above for release
following exposure to a secretagogue. The latency périod between depolarization and
release is uSually less than 100 ms and events after this time are approximately constant.
Since the exocytosis process in adrenal cells is slow following depolarization (5-100 ms),
it is likely that calcium or membrane depolarization trigger a cascade of events that
manifests itself later as the exocytosis process. The rationale for the wide variability of the

latency times is not yet clear.
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In addition to the latency time between depolarization and exocytosis, evidence has
also been obtained by amperometry to demonstrate the existence of a fusion pore during
exocytosis (Chow et al., 1992). This could represent a slow leakage of catecholamines
through a small opening at the initiation of the exocytotic event via a structure similar to a
gap junction (Thomas et al., 1988). Figure 13a shows three current transients observed at
the el.ectrode following cell depolarization with two of these showing a small rise in
current prior to the larger spike. Two-thirds of all current transients observed are
preceded by a pre-cise or “foot”. Histograms for the duration of this “foot” of the
transients are shown in Figures 13b and c. This is the first direct, real-time evidence for

the existence of a fusion pore during exocytosis.

3.4 Temporal Characteristics of Exocytosis at Adrenal Cells.

Catecholamine granules in adrenal medullary chromaffin cells are known to contain
ascorbic acid, ATP and the protein chromogranin A in addition to catecholamine (Winkler
and Westhéad, 1980; O’Conner and Frigon, 1984). Dissociation of the intravesicular
matrix of these cells has been described as a pH-dependent conformational change of the
chromogranin A which binds the catecholamines in an intravesicular matrix (Yoo and
Lewis, 1992). Both amperometry and fast-scan cyclic voltammetry have been used to
examine the diffusional profile of catecholamine releaséd from individual exocytotic events
as a function of distance between the electrode and the cell and of extracellular pH
(Schroeder et al., 1992; Jankowski et al., 1993). Taken together the data appear to
indicate that catecholamine in adrenal cell granules is bound to chromogranin A and that

this chromogranin A is bound to the vesicular membrane at the lower pH that exists in the




granule prior to fusion with the plasma membrane and exposure to the pH 7.5 external
medium. Thus a conformational change of chromogranin A during exocytosis appears t0
be an important step defining the time course of catecholamine release.

3.5 Application of Amperometry to Monitoring the Effects of Autoreceptors.

The release of catecholamines to the extracellular synaptic cleft can be regulated by

several factors including presynaptic o-autoreceptor activation (Starke, 1981). The
released extracellular catecholamines act on presynaptic o,-autoreceptors to inhibit further

catecholamine release (Westfall, 1977; Starke, 1977). Agonists of o,-autoreceptors such
as clonidine or guanfacine cause suppression of locus cell firing and decrease the release of
catecholamines (Pelayo et al., 1980; Jackisch et al., 1992), whereas o-autoreceptor
antagonists such as piperoxan, yohimbine and idazoxan reverse these inhibitory effects and
increase release (Dennis et al., 1987; Abercrombie et al., 1988).

Although some experiments have provided evidence about presynaptic mechanisms,
it is not always possible to determine if the drugs affect the presynaptic terminals directly,
or whether they act primarily on nearby cells which then emit a second signal to the
presynaptic terminals. This is particularly difficult to decide in tissue studies. Basically,
there are two methods to study the interaction of neurotransmitters or drugs with cells.
The first procedure is to determine the biological response of an intact isolated organ,
such as the guinea pig ileum, to applied agonists or antagonists. The disadvantage to this
procedure lies in the difficulty in discriminating between a large number of processes
taking place before the drug interacts with the receptor. The second approach to studying

receptors is to measure ligand binding to a homogenate or slice preparation.  This
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technique became feasible with the development of ligands of a high specific radioactivity
and a high affinity for the receptor. Neither of these techniques eliminate post-synaptic
effects. The use of amperometric monitoring of catecholamine exocytosis, combined with
the application of receptor agonists or antagonists is a new method which can functionally
identify autoreceptors directly since there are no postsynaptic cells. The electrochemical
measurements described here are spatially resolved to the single cell level because of the
size of the microelectrode sensor as well as the small volume of the applied chemical
stimulus.

To demonstrate the effect of autoreceptors on exocytosis from adrenal cells, a
protocol involving repeated nicotine stimulations of the same cell has been developed
(Zhou et al., 1994). Individual cells were repeatedly stimulated with 3-s exposures to 100
UM nicotine at intervals of 100 to 400 s. The current responses for neurohormone
secretion were integrated to obtain the total charge for all the current transient responses
over a 200-s time window. For repetitive stimulations, the ratio of total secretion of the

second to the first exposure is 0.32 + 0.05 (n=7) and the ratio of the third to the second
exposure is 0.80 £ 0.02 (n=4).

The effects of autoreceptors on single adrenal medullary chromaffin cells were
examined by 5-s pressure applications of 20 uM piperoxan approximately 80 s after a 3-s

exposure to nicotine. Figure 14 shows the response to piperoxan compared to a control
experiment. To evaluate the effect of piperoxan on catecholamine exocytosis, the
integrated current (large) for all the spikes (release events) following nicotine and

piperoxan together has been compared to the total charge for release events after only
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nicotine. A 15% (n=3) increase in catecholamine exocytosis is observed after the nicotine
and piperoxan compared to a 46% (n=6) decrease in release for the control experiment
(identical protocol without application of piperoxan). These data strongly suggest that a
negative feedback mechanism exists. Exposure to piperoxan enhances the release of
catecholamines from nicotine-stimulated cells; however, piperoxan alone has no effect on
release from cells not exposed to nicotine.

Perhaps the most widely known sympathomimetic drug is amphetamine. The actions
of amphetamine appear to be manifested as an increased level of extracellular
catecholamine in regions of the central nervous system (Zetterstrdm et al., 1983;
Hernandez et al., 1987; Sharp et al.,, 1987). A great deal of work has shown that
amphetamine enhances release of catecholamines (Kuczenski, 1983), inhibits the
catecholamine transporter (Wise and Bozarth, 1987), and that it accelerates exchange
diffusion across the plasma membrane (Fisher and Cho, 1979; Kuczenski, 1983). In
addition, recent evidence suggests that amphetamine acts as a weak base to disrupt
catecholamine vesicularization and, therefore, enhances the cytoplasmic level of
neurotransmitter for subsequent release via reverse transport (Sulzer and Rayport, 1990).
All these actions appear to play a role in the neuronal response to amphetamine.

Amphetamine also ﬁppears to affect the exocytosis of catecholamine from adrenal
cells (Zhou et al., 1994). A 5-s application of 20 uM amphetamine at approximately 20 s
after stimulation of an adrenal cell with nicotine results in a dramatic increase in
catecholamine release events (Figure 15). Integrating the total current under all the

release events and comparing them to a control experiment reveals that amphetamine
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results in an 870% increase in exocytosis (n=3). It appears that amphetamine might act as

an antagonist of o;-autoreceptors.

3.6 Amperometric Monitoring of Exocytosis from PC12 Cells.

Mammalian neurons are difficult to work with in the laboratory as they stop
proliferation once they have matured. Greene and Tischler established a nerve growth
factor responding clonal line of rat pheochromocytoma (PC12) cells in 1976. This cell line
shares fnany physiological properties with primary cultures of symphathetic ganglion
neurons (Green and Tischler, 1976; Schubert et al., 1980), and has been studied as a
model for the developing sympathetic nerve (Wagner, 1985). PC12 cells can synthesize,
store and release catecholamines in a manner similar to sympathetic ganglion neurons
(Green and Tischler, 1976; Schubert et al., 1980; Wagner, 1985). They are more similar
to sympathetic ganglion neurons than to chromaffin cells, because they contain more
dopamine than norepinephrine with no detectable level of epinephrine (Clift-O’Grady et
al., 1990). Most importantly, PC12 cell vesicles are valid analogues of brain synaptic
vesicles for four criteria: size, density, protein composition, and endocytotic origin
(Wagner, 1985; Clift-O’Grady et al., 1990).

Carbon fiber electrodes hav¢ been used to monitor single exocytotic events from
individual PC12 cells (Chen et al., 1994b). The electrode is placed against the top of a cell
in culture and the cell is stimulated in a manner to that described above for adrenal cells
with KCl or nicotine. Figure 16 shows the amperometric response following three
successive stimulations with both 1 mM nicotine and 105 mM KCl. Stimulated release is

not observed from these cells if calcium is omitted from the medium. In addition.

18




preliminary data suggests that exposure to nicotine alone results in minimal exocytosis and

that is only after a substantial delay. Exposure to elevated potassium chloride causes most
of the exocytosis observed. Individual current spikes have an average half width of 9.3 £

0.1 ms (n=1912 from 13 cells) and the average catecholamine level calculated with
Faraday’s law is 190 zmol (114,000 molecules) per vesicle. A histogram of the amount of
catecholamine released per vesicle is shown in Figure 17. This histogram has the same
skewed profile as observed for adrenal medullary chromaffin cells; however, the average
vesicle content is much lower. The size distribution of vesicles is relatively narrow for
PC12 cells with 85% of the release events corresponding to less than 330 zmol. This is an
example of the tremedous sensitivity that can be obtained using amperometry to monitor
catecholamine exocytosis.

The PC12 system has also been used to examine the effects of amphetamine (Sulzer
et al., submitted). As one of the proposed mechanisms of amphetamine is the
redistribution of catecholamines from synaptic vesicles to the cytoplasm (Sulzer and
Rayport, 1990; Sulzer et al., 1993), one can use voltammetric methods to examine the
effects of amphetamine on quantal size. To measure the dopamine content of individual
synaptic vesicles, carbon fiber electrodes can be used to detect quantal packets containing
as few as 15,000 molecules. Cells were stﬁnulated with 1 mM nicotine in 105 mM KCl

(30 nL). Incubation in 10 pM amphetamine for 10 min prior to the stimulation reduced
the stimulated catecholamine released per exocytotic event to 48 * 5.4% of control (n=7

cells) (Figure 18). These results demonstrate that amphetamine can attenuate stimulus-

dependent release by reducing quantal size. Quantal analysis studies generally assume that
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all vesicles contain a constant level of neurotransmitter. Data shown earlier in this chapter
show that considerable variability in the size of release events exists. Here it is
demonstrated that quantal size can be pharmacologically manipulated. These data
combined suggest that both physiological and pharmacological alterations of quantal size
might well play an important role in the modulation of catecholamine release.

3.7 Voltammetric Monitoring of Exocytosis from Cell Bodies.

The cell body of a neuron is generally not thought to be involved in calcium-
dependent exocytosis of neurotransmitters. Exocytosis of neurotransmitters is thought to
occur at synaptic terminals. In fact, placement of a carbon fiber microelectrode against the
cell body of the identified dopamine neuron of Planorbis corneus with subsequent
stimulation by exposure to KCI results in a massive exocytotic response (Figure 19). This
release is calcium dependent and voltammograms obtained during the current transients
are nearly identical to those obtained in authentic dopamine (Figure 20). A histogram
(Figure 21) of the spike areas again shows the typical skewed shape characteristic of
exocytosis of catecholamines shown above for adrenal and PC12 cells. The average
vesicle contains 0.8 amol of dopamine with a broad distribution of sizes that is, perhaps,
expected for a primitive neuron. Interestingly, the frequency of exocytotic events
observed from the Planorbis cell does not diminish rapidly as was observed for adrenal
cells and PC12 cells. Although exocytosis from this cell does appear to show a bursting
pattern, once a cell is stimulated it can undergo rapid exocytosis for minutes to hours. As
many as 89,000 release events have been observed from one spot on a cell after a single

stimulation.
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The dopamine cell used has been estimated to contain 5 pmol of dopamine based on
immunofluorescence measurements (Powell and Cottrell, 1974). If virtually all the
dopamine is estimated to be bound in vesicles (Chien et al., 1990), this indicates that there
must be approximately 6 x 10° vesicles in one cell (based on an average 0.8 amol of
dopamine per vesicle). Hence 89,000 events represents only 1.5% of the total
catecholamine in the cell. This represents the first direct measurement of exocytosis of

neurotransmitter from the cell body of a processed neuron.

4. SUMMARY AND FUTURE OUTLOOK

The use of voltammetry and amperometry to monitor chemical dynamics at single
nerve cells and nerve cell model systems has provided information about intracellular
neurotransmitter dynamics and a means to directly monitor exocytosis. It is important,
however, to emphasize that these techniques can as yet be used only for easily oxidized
neurotransmitters and concentraﬁon sensitivity is an issue. It is not yet possible to
voltammetrically detect submicromolar levels of catecholamine in the cytoplasm of a cell.
Finally, these techniqu;es have as yet only been used on cells in culture and large identified
cells in invertebrates. A large step in technology is needed to fabricate smaller electrode
sizes and manipulation techniques before voltammetric measurements will be made in

individual synapses. This will be one of the exciting experiments of the future.
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FIGURE CAPTIONS

Figure 1

Figure 2.

Figure 3.

Differential pulse voltammograms from artificial sea water (ASW) (A) and
from 2 living metacerebral cells (B-C and D-F). In the first experiment (B, C)
the endogenous peak at +530 mV was increased by ionophoretic intracellular
injection of 5-HT from 0.76 to 1.62 mM. In the second experiment (D-F), the
cerebral ganglion was superfused by a 5 mM solution of L-tryptophan (Trp) in
ASW. With time, L-tryptophan accumulated inside the neurone (peak at
+1000 mV) and induced a synthesis of 5-HT as manifested by the increase of
the peak at +530 mV. The intracellular concentrations of 5-HT and tryptophan
were 0.20 and 0.09 mM at 5 min, 0.44 and 0.41 mM at 15 min, 0.74 and
1.06 mM at 30 min, respectively (With permission from Meulemans et al.
1987).

Increase of intracellular 5-HT concentration due to stimulation. The two
metacerebral cells of one ganglion were successively impaled with the same
platinum microelectrode. Upper graph: the soma was directly stimulated by an
intracellular 3 M KCL microelectrode (S: 3 Hz for 70 and 150 s). Lower
graph: the cell was depolarized from -51 mV to -27 mV by bath application of
100 mM KCL for 15 min. (With permission from Meuelmans et al. 1987).
Schematic of the brain of Planorbis corneus showing electrode placement and
microinjector relative to the giant dopamine cell (GDC). (With permission

from Chien et al. 1988).
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Figure 4.

Figure 5.

Figure 6.

Effect of 700 pl of 0.6 mM nomifensine on repeated dopamine bathings
(50 uL; 0.5 mM): before (®) and after (O) nomifensine application. The
oxidation current was monitored at 0.78 V versus a sodium-saturated calomel
reference electrode with 7 s between measurements. (With permission from
Chien et al. 1990).

Intracellular injection of DA induces reverse transport. (A) Intracellular
injection of 4 pL of 0.5 mM DA (arrows) induced reliable increases in
extracellular DA release. ’During extracellular perfusion with 10 puM
nomifensine (dashed line) the same DA injections were markedly attenuated.
Perfusion of nomifensine-containing medium and its replacement by control
medium produced current spikes (asterisks). Data have been baseline
corrected by subtracting the curve fit to the background signal. (B)
Background subtracted voltammograms (-0.2 to 0.8 V) for the first (—) and
second (--), and fourth () intracellular DA injections shown in (A). The
voltammograms monitored at the face of the neuron were nearly identical to
DA. All three voltammograms were sigmoidal with a half-wave potential of
approximately 0.2 V. (With permission from Sulzer et al. 1994).

(A) AMPH (8 pL of 100 mM) was injected intracellularly (arrow). The
increase in extracellular DA was measured by oxidation current with a 2 um
carbon ring ultramicroelectrode. The electrode was touching the GDC
membrane and held at a steady potential of 0.8 V. (B) The shape of the

voltammogram (-0.2 to 0.8 V) taken at the peak current value 14 s post

34




Figure 7.

Figure 8.

Figure 9.

injection (filled circles) closely matched the voltammogram for a DA standard
(solid line). Calibration: i = 0.5 for the experiment and 31.5 for the standard.
(With permission from Sulzer et al. 1994).

Experimental arrangement for measuring secretion from single adrenal
medullary chromaffin cells. Drawing is approximately to scale. (With
permission from Leszczyszyn et al. 1990).

Cyclic voltammetric response (200 V s”, repeated at 100-ms intervals) of a
carbon fiber electrode to norepinephrine ejection from an adjacent micropipette
and to catecholamine secretion from a single chromaffin cell. Panels A and B
are averaged background-subtracted voltammograms of the substances whose
concentration changed during the measurement interval of panels C and D.
Each time point in panels C and D is the integrated current recorded from 0.5-
0.6 V from individual voltammograms (hatched lines in panels A and B); bars
to the right in panels C and D are the conversion of current to catecholamine
concentra.tion based on calibration curves constructed with standards. A, C,
electrode response to 1-s 3-nL ejection of 20 uM norepinephrine applied at
t = 0 with the ejection pipette 20 um from the electrode. B, D, electrochemical
response obtained with the electrode tip adjacent to a single cell; att =0, a 1-s
ejection of nicotine (100 uM) was made 20 um away from the cell. (With

permission from Leszczyszyn et al. 1990).
Frequency distribution of individual spike areas determined for various

secretagogues. The spikes were measured over a 30-s segment beginning at
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Figure 10.

Figure 11.

the half-rise time. The bins are divided into 0.2-pC intervals. (A) Spike
distribution during exposure to ten 3-s, 60 mM K* exposures (136 spikes; the
balanced salt solution in the ejection pipette contained 90 mM Na® and 60 mM
K"). (B) Spike distribution during 7 exposures to 1 mM carbamoylcholine
simulations (137 spikes). (C) Spike distribution during 10 exposures to 10 uM
nicotine (80 spikes). (D) Spike distribution during 10 exposures to 100 UM
nicotine (211 spikes). (With permission from Wightman et al. 1991).

Secretion of epinephrine from an individual adrenal cell. (A) Current versus
time profile of single cell response to 100 uM nicotine introduced at 0 s:
oxidative current (solid line), reductive current (dotted line), adrenochrome
current (dashed line), current at 0 V (dashed-dotted line). (B) E, (solid line),
AE, (dotted line), and i./i.x (dashed line) versus time. The scale for each of
these parameters is adjusted so that the values will fall between the limits of
pure epinephrine (upper dashed line) and pure norepinephrine (lower dashed
line) as determined by the postcalibrations. (C) Background-subtracted cyclic
voltammogram (solid line) taken at the asterisk in (A). Circles represent the
background-subtracted  cyclic = voltammogram of the epinephrine
postcalibration. Voltammograms have been- normalized to the oxidative peak
currents. (With pérmission from Ciolkowski et al. 1992).

Secretion of norepinephrine from an individual adrenal cell. The parameters
for (A) and (B) are the same as those for Figure 10. (C) is the same as Figure

10, except circles represent the background-subtracted cyclic voltammogram
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Figure 12.

Figure 13.

of the norepinephrine post-calibration. (With permission from Ciolkowski et
al. 1992).

Electrochemical detection of secretion from single vesicles. (A) Examples of
signals recorded by the amperometric constant-voltage method. The voltage
protocol is shown in the bottom trace, and representative amperometric current
signals are shown above, aligned in time relative to the stimulating pulse. The
signals vary in amplitude and duration, and occasionally there are “failures”
(sweeps without a response). (B) Response to steady-state depolarization to 0
mV after the recording of part (A) (note difference in time scales). (With
permission from Chow et al. 1992).

Rising phase of amperometric current transients cannot be explained by
instantaneous release of secretory vesicle contents. (A) Single amperometric
current transients at high resolution. Note that the fast rising phase m two out
of the three examples is preceded by a small pedestal or “foot” (arrows). Such
“foot” signals precede most of the transients with a fast rise time. The “foot”
signals were typically much smaller than the average signal. (B) Histogram of
duration of “foot” signals. Data from three cells are pooled, whére 84 large
(>20 pA) and fast (rise time <3 ms) signals were counted. 75 of those were
preceded by a discernible “fo’ot”. The number of occurrences is plotted against
the duration of the “foot”, as defined in (A). The mean of “foot” durations
was 8.26 ms. (C) Histogram of “foot” charges. The same “foot” signals as

those of (B) were integrated to calculate the charge involved. Mean charge:
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Figure 14.

Figure 15.

Figure 16.

Figure 17.

34 fC or 1.05 x 10° molecules. The mean amplitude of the “foot” signal was

7.17 £5.28 pA (mean *s.d.). (With permission from Chow et al. 1992).
Effect of piperoxan (20 M) on nicotine induced exocytosis of catecholamines.
(A) a, g: 3-s application of 100 uM nicotine, b, c, d, e, f: 5-s application of 20
UM piperoxan. (B) a, c: 3-s application of 100 uM nicotine. b: 5-s application
of balanced salt solution. Electrode potential: 650 mV vs SSCE. (With
permission from Zhou et al. 1994).

Amperometric response of a carbon fiber electrode placed at a single
chromaffin cell following a 3-s application of 100 uM nicotine (a), and a 5-s
application of 20 uM amphetamine (b). (With permission from Zhou et al.

1994).

Amperograms of single vesicular exocytosis from PC12 cells.  (A)
Amperogram of a control experiment with no cell near the tip of the working
electrode. (B) Amperogram of vesicular exocytosis induced by 1 mM nicotine
in 105 mM K" balanced salt solution. (C) Enlargement of a one second period
of the amperogram from the first stimulation. Data displayed correspond to
the time period near the middle of the first base line disturbance in (B). (With

permission from Chen et al. 1994b).

Frequency distribution of quantal size from PC12 cells. The bins are divided
into 66 z-mole (40,000 molecules) intervals. Numbers on the x-axis represent

the mean of each interval. Data shown here were obtained from the first
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Figure 18.

Figure 19.

Figure 20.

stimulation of 13 individual cells 1,912 spikes are included. (With permission

from Chen et al. 1994b).

Amphetamine exposure decreases the quantal amplitude of individual release
events from PC12 cells. Representative electrochemical records of quantal
release (selected randomly) for a control cell (A) and a cell that has been
incubated in 10 uM d-amphetamine for 10 min (B). Cells were stimulated by
local perfusion (30 nL of 1 mM nicotine in 105 mM KCL saline) to induce
vesicular exocytosis. Amphetamine decreased the average quantal amplitude

to 48% * 5.4% of control. (With permission from Sulzer et al. 1994).

Quantal release detected from the cell body of the dopamine neuron of
Planorbis corneus. (A) is a schematic of the cell body, an intracellular pipette
for injecting Ringer solution to the cell and a carbon fiber electrode placed
close to the penetrating site. (B) is a typical response observed following
intracellular stimulation with sodium chloride. A 30 pL of Ringer solution was
injected at the arrow position and transient quantal events were elicited about 5

s after injection. (With permission from Chen et al. 1994a).

Fast scan voltammograms of dopamine. Background substrated
voltammograms were obtained from dopamine ejection (top graph) and during
quantal release of dopamine at cell surface (bottom graph) with a carbon ring
electrode (scan rate 300 V s', 2 ms delay between each scan). (With

permission from Chen et al. 1994a).
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Figure 21. Frequency distribution of spike areas from the dopamine neuron of Planorbis

corneus. The area of transient events is displayed in units of charge (fC). The

average content is about 0.5 + 0.2 attomole (300,000 molecules) per vesicle.

(With permission from Chen et al. 1994a).
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